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This paper summarizes present knowledge of the ignition qualities of 
pure hydrocarbons likely to be present in modern Diesel engine fuels, as 
shown by an extensive search of the technical literature, The report also 
discusses the possible significancs of cetane number and hydrocarbon struc- 
ture, Cetane or cetene numbers, and other physical properties, are tabu- 
lated for about 100 hydrocarbons, and a bibliography is appended, 


In recent years the Diesel engine has enjoyed increasing popularity 
due to its dependability, inherent characteristics of fuel economy, and 
the fact that it operates on a fuel that hitherto has been available in 
comparatively large quantities at a low price, These qualities have en- 
abled the compression-ignition engine to compete very favorably with other 
types of prime movers in many fields and have led to predictions of fure- 
ther rapid expansion in the application of Diesel power, Ina survey of 
the field of all petroleum fuels for combustion engines, Holaday et al 
(9) have predicted that by 1948 railroads will be using 10 times as much 
Diesel fuel as was used in 1939 and that over-all consumption will have 
doubled that of 1939, Other estimates of the yearly demand for Diesel 
fuele five years hence vary from 2,6 to 5 times the amount used in 1944, 


Into this picture has come the question of whether the greatly in- 
creased production to meet this estimated demand is compatible with the 
maintenance and possible improvement in quality of fuels necessary to 
satisfy future engines, Unfortunately perhape for the Diesel engine, 
factors other than those of simple arithmetical maltiplication must be 
considered, For example, the consumption of oil in central heating 
plants doubled from 1935 to 1943, and a further increase of 57 percent of 
the 1943 demand is expected by 1950, Jet propulsion has been developed 
to the stage where it is entirely practical for military aircraft, 
Catalytic cracking plants, many of which were constructed to meet the war=- 
time accelerated demand for high-octane gasoline, are taking their place 
dn the refining industry, All these developments, as well as the Diesel 
engine, require material of approximately the same boiling range, Virgin 
gas oils make excellent burner fuels, perform most satisfactorily in the 
gas—turbine units for aircraft according to present information, and are 
at a premium as catalytic cracking stock, 
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These considerations have led a number of organizations to embark on 
programs of research aimed at the development of: fundamental data upon 
which to base futwre improvement in compression ignition fuels and engines 
and the assembling of information needed if it becomes necessary to aug 
ment the supply with synthetic products or to improve the ignition quality 
of material not now considered desirable, The Bureau of Mines, in in- 
formal cooperation with the Western Petroleum Refiners Association, the 
Coordinating Research Council, and the Society of Automotive Engineers, is 
one of the organizations engaged in this research, This paper is the 
first of those projected dealing with Diesel fuels and summarizes present 
knowledge of the ignition qualities of pure hydrocarbons, 


The only widely accepted engine test for the suitability of a fuel 
for Diesel use is that for ignition quality, usually expressed in terms 
of cetane number; yet there are available in the literature very few engine 
data on the cetane numbers of individual hydrocarbons, As was stated late 
in 1945, "comparatively little research has been done with a view toward 
developing superior Diesel fuels, Research in this country is at about 
the level of gasoline research in the 1920's" (8), 


Early work of Ricardo in England and of Boerlage and Broese in Holland 
revealed that the high-speed Diesel engine was quite sensitive to fuel- 
ignition quality, In this country in 1933 the Volunteer Group for Com 
pression Ignition Research was organized with a membership of representa- 
tives from interested laboratories, both governmental and industrial, to 
develop a method of rating Diesel fuels, In 1937, at the request of the 
Compression Ignition Group, the Automotive Diesel Fuels Division of the 
Cooperative Fuel Research Committee was formed to continue this work; as a 
result, the CFR committee issued a proposed method of test in 1938 (2), 
which was adopted as a tentative method by the American Society for Test- 
ing Materials in 1941, This method was revised slightly in 1943, and as 
ASIM Designation D613%43T, “Tentative Method of Test for Ignition Quality 
of Diesel Fuels", is in use today, By this method, the ASIM cetane number 
of a Diesel fuel is defined by and is numerically equal to the percentage 
ty volume of normal cetane in a mixture of cetane and alpha-methylnaphtha- 
lene which the fuel matches in ignition quality when compared ty the pre- 
scribed procedure, Thus, by definition, alpha-methylnaphthalene has a 
cetane number of zero, and normal cetane, of 100, The teet engine is a 
3é-inch bore x 4#-inch stroke, continuously~variable-compression, precos- 
bustion-chamber-type Diesel and is loaded by a constant-speed electric 
motor, Conditions under which the engine is operated in making a test are 
shown in Table l, 


In addition to the ASIM test, there have been a number of other 
engine-test methods (28); as a result, the hydrocarbons that have been 
rated in an engine (and they nuuber only approximately 20) were not tested 
in exactly the same manner, Apparently, however, the various procedures 
correlate well with one another, and the values appear comparable, There 
also has been considerable study of the combustion characteristics of 
Diesel fuels in bombs, Of these investigations, results of the work of 
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Michailova and Neumann (13) show good correlation with the engine test and 
have received wide distribution, These investigators used an apparatus, 
subsequently referred to as either the Neumann or the Neiman bomb, which 
consisted of a metal bomb equipped with a fueleinjeccion system and suit- 
able instrumentation for indicating the time of injection and pressure rise 
following ignition of the fuel, 


TABLES 1, — rating conditions for ASIM 
cetane number dete on 
Engine speed, r.p.m, Constant, 900 + 9 
Injection advance, deg, BIC 13 
Injector opening pressure, p.s,i, 1500 = 50 
Injection rate, ml,/min, 13,0 = 0,2 
Jacket temperature, °F, 209 to 215 (constant 
to within = 1°F,) 


Air-inlet temperature, as 150 <2 


The determination of ignition quality consists of injecting 80 me, of 
fuel into the heated bomb, containing air at 580°C, and 21 atmospheres 
pressure, and determining the time lag between injection and combustion, 
This ignition lag or induction period is then converted to equivalent 
cetene number by comparison with a calibration curve of cetene number 
versus ignition lag, This curve is based on engine determinations using 
as reference fuels cetene with an assigned value of 100 cetene mumber and 
alphamethylnaphthalene with an assigned value of O cetene number, The 
cetene scale thus established to be linearly related to the cetane 
scale by the following equation (10): Cetane number = 0,875 x cetene num 
ber, The Russian authors list results of tests of eight fuels for which 
bomb and engine ratings differed by two cetene numbers or less, These few 
data, however, appear to be the only strictly comparable results in the 
literature, and further confirmation is needed, 


In 1938 Russian scientists, notably A, D, Petrov and coworkers, began 
a study of the hydrocarbons in the Diesel~fuel boiling range directed 
toward finding compounds distinguished by low pour points, and ignition 
qualities in the order of 40 to 50 cetene number, So far, they have synthe- 
sized and tested more than 60 hydrocarbons (17), and the results of their 
work have been made available generally in this country through translations 
by J, G, Tolpin, which have appeared in the Universal 011 Products Company 
Survey of Foreign Petrolew Literature, These ignition quality ratings were 
determined by the Neumann bomb method; but, as Petrov points out, the bomb 
appears to agree with the engine, That they are expressed in cetene rather 
than cetane number is unfortunate but does not preclude their comparison 
with values determined by the ASIM test, as there is evidence indicating a 
linear relation between the two rating scales (5), 
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The Ruseian data on ignition quality and those of other investigators 
are shown in Tables 2 through 5, which also include other physical proper- 
ties of the hydrocarbons, These tables contain all the available inforna- 
tion on ignition qualities of pure hydrocarbon compounds determined under 
coniitions which approach Diesel engine operation, 


One prime objective of the collection of ignition=quality data should 
be the application of relationships derived from them to a comlete solu- 
tion of the problem of predicting cetane numbers for the remaining possible 
hydrocarbons or types of hydrocarbons in the Diesel-fuel boiling range, 

It is interesting to note that for some time it has been known that normal 
fins have the highest cetane numbers, In 1935 Boerlage and Broese 
3) listed, in approximate order of decreasing ease of ignition in an 
engine, the following structural types: (a) Paraffin, (b) olefin, (c) ben- 
zene nicleus, and (ay condensed ring, In 1941 Ju and Wood (10) reported 
the order of decreasing cetane number to be: (a) Straight-chain paraffins, 
(b) naphthenes, and (c) isoparaffins, Commenting on his data, Petrov (17) 
states, "Considering the enormous number of isomers possible for hydro- 
carbons with from 10 to 26 carbon atoms, these data furnish only an initial 
orientation in the problem of the dependence of antikmock properties (cetane 
numbers) and pour points upon the structure of the fuel hydrocarbons and 
indicate the outlook for synthetic Diesel fuels only to a slight extent--—-, 


(Apparently in his work Petrov considers "Antiknock" as equivalent to 
high cetene value, and such statements as "depress antiknock qualities" 
should be interpreted to mean lower cetene values, As in this country 
cetane number rather than cetene mumber is used to express what Petrov 

s to call "antikmock quality" the authors have inserted parenthetical 
interpretations of his statements in terms of cetane numbers,) 


"The following are deemed to be the most important conclusions from 
the data shown: —---—, 
"1, ~--- Isoparaffins of interest for their low pour points and high cetene 
numbers are those distinguished by a T-like structure, -—------- among the 
paraffins with 12-16 carbon atoms those should ve preferred possessing in- 
extensive branching and a single side chain, for introduction of a second 
side chain depresses sharply their antiknock properties (decreases cetane 
muabers), Among paraffins with more than 16 carbon atoms, low pour points 
are inherent only in hydrocarbons with two side chains, In these hydro- 
carbons the higher molecular weight is responsible for quite satisfactory 
eantiknock properties (acceptable cetane numbers), with exception of sym 
metrical hydrocarbons, . Introduction of a double bond into the 
molecule of a paraffin decreases the antiknock properties (decreases cetane 
numbers) considerably less than introduction of a side chain, 
"2, --~for a correct evaluation of the quality of Diesel fuels the use of 
the bomb or a Waukesha engine should definitely be preferred to the former- 
ly widely employed method of evaluation based on determination of the 
Diesel index, 
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"4. Monoalkylated benzenes with 12 to 2+ carbon atoms, when possessing a 
branched side chain, show sufficiently low pour points, but satisfactory 
antiknock properties (acceptable cetane numbers) are observed in them 
only if they possess more than 16 carbon atoms, . When compared to 
monoalkylbenzenes of the same composition, monoalkylnaphthalenes show 
mach lower antiknock properties (lower cetane numbers), -----------~----, 
"5, Hydrogenation of the benzene ring raises the cetene. number by from 9 
to 10 points, A higher effect, amounting to 15-20 points or still more, 
is produced ty hydrogenating a naphthalene ring, ---------—--, Both mono- 
alkylcyclohexanes and monalkyldecalins differ little from aromatics in 
viscosity, but are characterized ------- by lower pour points and higher 
cetene numbers; -----~-------—, 

"6, As to components of Diesel aviation fuels, this discussion points to 
the following types of compounds as being of major interest; monoalkyl- 
benzenes with long, but inextensively branched, chains and monoalkylde~ 
caline with short chaine—further, mixtures of these hydrocarbons in which 
the high antikmock properties (high cetane numbers) of one type and the 
low pour points of the other are made use of, Apparently, of still higher 
rate of interest will be low solidifying branched paraffins and olefins of 
the structure types discussed above," 


Thus, the work of Petrov and associates has, in general, confirmed 
the conclusions of other investigators and has extended them considerably, 
Their observations regarding isoparaffins with T-like structures, alkyl- 
benzenes, alkylcyclohexanes, and alkyldecalins should be of interest if 
low-pour=-point Diesel fuels are ever to be maie synthetically, However, 
the extent of agreement with these conclusions depends upon the point of 
view, Whereas the Russian program was aimed at finding hydrocarbons hav- 
ing cetene numbers of the order of MO to 50, many specifications in this 
country call for 50 cetane number, which corresponds to 57 on the cetene 
ecale, Of all the hydrocarbons listed, less than 30 would meet that 
requirement. 


From the data available, it appears that cetane number bears a linear 
relationship to the number of carbon atoms in the molecule for normal 
paraffins, increasing by about 5 units for each additional carbon in the 
chain between 7 and 16, However, additional ratings on a few of the 
intermediate homologs would be desirable either to substantiate or dis= 
prove this relation, Further work on the effect of varying the position 
and length of the side chains also seems to be indicated, both for the 
isoparaffins and the alkylated cyclic compounds, Specifically, it appears 
that ratings on cyclopentane derivatives, which apparently have been 
neglected altogether, and on cyclohexanes, might furnish desirable informa- 
tion, Also, extension and confirmation of Petrov's work on alkyl aromatics 
is desirable, The imperative need for studies on naphthenes and aromatics 
is indicated by recent calculation by the Bureau of Mines that the average 
distillate between 400°F, and 7OO°F, throughout the country contains 55 
percent naphthenes, 2 percent aromatics, and only 2 percent paraffins, 
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Kighty-seven percent of the distillates in this range contain more than 
50 percent naphthenes, and 7/7 percent contain more than 20 percent 
aromatice, It is of further importance that this boiling range includes 
the naphthenic and aromatic dicyclic hydrocarbons (both condensed and 
conjugated rings) which have low cetane values, 


Use of these data would be greatly facilitated if all were in terns 
of cetane number, That few hydrocarbons have been rated by both the ASM 
engine and the Neumann bomb and that in some cases there is disagreement 
should be recognized, For example, Cloud and Ferenczi (4) report an 
engine rating of &0 cetane number for normal dodecane, whereas the bomb 
value obtained by Petrov was &2 cetene number which would be equivalent 
to 7O on the cetane scale, Further engine work may indicate that a con- 
version factor can be used with confidence to convert the bomb ratings 
to ASTM cetane numbers, and in any event, the bomb data indicate trends 
which should point the way to further research, 


Certain general trends of ignition quality with structure have been 
pointed out, and it is to be hoped that additional information will per- 
mit quantitative estimation of cetane numbers from structural formulas, 
However, there are exceptions to any generalized statements in this 
regard, Yor example, normal octyldecalin might be expected to have a 
higher ignition quality than either propyl decalin or normal octylben- 
zene, Petrov lists the cetene nunbere of these three hydrocarbons as 
35, 40, and 36, respectively, Whereas 9~methylheptadecane might possibly 
be expected to rate higher than tetradecene-1, the reverse is true, Such 
exceptions emphasize the fallacy of predicting ignition qualities from 
scanty information, 


In conclusion it can be stated, that although many data on ignition 
qualities of hydrocarbons are available, they are not strictly comparable, 
and spot checks, at least, of the bomb cetene numbers by the ASIM engine 
test would be highly desirable, Further extension of the available in- 
formation, either by rating juwiiciously selected hydrocarbons by the ASTM 
method or a bomb using the present reference fuels and calibrated directly 
against the engine, may furnish a basis for quantitative deduction of 
cetane number from chemical structure, For work of this nature the bomb, 
as compared to the ASIM engine, has the undeniable advantage of requiring 
extremely small samples of the material under test, The Bureau of Mines 
is currently working on a bomb similar to that originated by Michailova 
and Neumann, and if this apparatus can be correlated with the ASIM test, 
it will be used to add to the data on cetane numbers of pure hydrocarbons, 


Presented before the Division of Petroleum Chemistry at the 15th 
Midwest Regional Meeting of the American Chemical Society, Kansas City, Mo, 
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